Correlative studies in human specimens demonstrated that cathepsin B producing macrophages were enriched in invaded nerves, which was associated with increased local tumor recurrence.
Introduction
potential contribution of recruited IM towards the progression of cancer along nerves is unclear.
CCR2, a chemokine receptor expressed on IM, has an established role in monocyte recruitment (15) . CCL2 and CCL7 bind to CCR2 on IM and drive their recruitment following infection and inflammation (15, 16) . However, the respective contributions of CCL2 versus CCL7 in driving IM recruitment to cancer niches remain obscure (13) . Prior investigation of the CCL2 signaling axis in PNI focused on the role of cancer cell CCR2-expression (17) , and therefore very little is known about the contributions of IM towards nerve invasion.
Interestingly, IM are also recruited to nerves following traumatic injury where they differentiate into macrophages and cultivate a growth permissive microenvironment allowing for nerve repair (11) . We hypothesized that this conserved monocyte response to nerve injury may be induced by invading cancer cells to inadvertently promote PNI. Macrophages are detected in regions of PNI by PDA and their presence is associated with poor clinical outcome (5, 6, 10, 18) .
However, despite appreciation of their clinical relevance, we currently have a limited understanding of their origin, recruitment mechanism, and function within nerves. There is strong rationale to study the role of IM in mediating this ominous process especially in light of evidence that CCR2 is important for macrophage accumulation within nerves and in turn PNI . 6 of Memorial Sloan-Kettering Cancer Center, New York, NY, USA. All specimens were collected from previous surgical resections at our institution according to standard procedures. Memorial Sloan-Kettering Cancer Center Institutional Review Board approved studies on human tissue samples (Protocol # 15-052). Written informed consent was received from the patients. Patient studies were conducted in accordance with the ethical guidelines of the Belmont Report.
Tissue preparation and immunohistochemistry
At indicated times after injection, murine sciatic nerves were dissected up to the spinal cord and were fixed using 4% paraformaldehyde and embedded in paraffin. Sections from human pancreatic, prostate and adenoid cystic carcinoma specimens were obtained from paraffin blocks that were prepared using a standard protocol. For immunofluorescence, all sections were permeabilized and blocked in 3% horse serum, 0.1% Triton X-100/PBS for 1 hour. Primary antibodies diluted in 0.1% horse serum/PBS were incubated overnight at 4°C. Sections were washed with PBS and detection was performed using first and an appropriate fluorescent 
Reagents, small molecule inhibitors and antibodies
The following primary antibodies were used for immunofluorescence staining at the indicated dilutions: anti-GFAP (1:1000, Dako, Z033429-2), anti-F4/80 (1:50, Abcam, AB6640), human anti-Cathepsin B (1:1000, R&D, AF953), murine anti-Cathepsin B (1:500, R&D, AF965), human anti-CD68 (1:1, Dako, PG-M1), and murine anti-CD68 (1:3000, Serotec, FA-11). The following primary antibodies were used for IHC at the indicated dilutions: human anti-CD163
(1:200, Vector, 10D6), human anti-CD68 (1:200, Dako, M0876), anti-collagen IV (1:200, Vector labs, PK6101), murine anti-GFP (1:100, Abcam, AB1218), and human anti-CCR2 (1:400, Novus biologicals, E68). JPM-OEt (100 mg/kg/day) was administered intraperitoneally in 30% DMSO/70% PBS as previously described (19) .
Mouse strains
Nude mice and C57BL/6J mice were obtained from The Jackson Laboratory. Ccl2 KO (15), Ccl7 KO (15), Ccr2 KO (20), CCL2-GFP (21), and CCR2-GFP (22) have all been previously described and were provided by the Pamer laboratory. Ctsb KO (23, 24) and Ctss KO (24, 25) have been previously described and were provided by the Joyce laboratory.
Cell culture
MiaPaCa-2 was purchased from ATCC. The murine cell line Panc02 was from Dr. Min Li (26) .
The murine cell line KPC was from Dr. Vonderheide (27) . Cell line authentication was performed using short tandem repeat profiling. The cell lines tested negative for mycoplasma contamination. Cells were cultured in 5% CO 2 (DMEM, Cellgro, Herndon, VA) containing 10% fetal bovine serum (Gemini, Woodland, CA) and 50 U/ml penicillin/streptomycin (Cellgro, Herndon, VA).
Enzyme-linked immunosorbent assays (ELISA)
Sciatic nerves underwent homogenization with an electronic pestle grinder (Fisher Scientific, Pittsburgh, PA). Tissue lysates were then centrifuged. CCL2, CCL7, and CCL3 levels were assessed using the mCCL2 ELISA Kit (BD Biosciences), CCL-7/MCP-3 Instant ELISA Kit (BD Biosciences), and MIP-1 alpha/CCL3 ELISA Kit (eBioscience), respectively.
FACS analysis and antibodies
For FACS analysis, spleen, femoral bone marrow and sciatic nerves were washed in cold PBS following collection, and then spleens and nerve specimens were minced on ice and digested with an enzyme mix of Collagenase IV (Worthington) at 37°C for 40 minutes to obtain singlecell suspensions. Antibodies were purchased from BD Bioscience unless otherwise indicated.
The following clones were used: anti-Ly6C (AL-21), Ly6G (1A8), CD11b (M1/70), CD45 (30F-11), F4/80 (BM8), CD45.1 (A20), CD45.2 (104), CD90 (53-2.1), p75 (EMD Millipore, AB1554) and CD11c (HL3). FACS analysis was performed on a LSRII cytometer (BD Biosciences) and data analyzed using Flowjo software (TreeStar). Where specified, a ratio of IM in the nerve specimen was normalized to those in the spleen to account for potential differences in the circulation between mice. 
Adoptive cell transfer

RNA and quantitative real-time PCR
The desired cell type was sorted from in vivo tumor samples unless otherwise specified. Total RNA was extracted using the Trizol reagent according to the manufacturer's protocol (Ambion RNA, Life Technologies). Aliquots of 1 μg of total RNA were transcribed using QuantiTect
Reverse Transcription Kit (QIAGEN). PCR and fluorescence detection were performed using the 
Animal experiments
Sciatic nerve injections were performed as previously described (8) . Equal volumes of cancer cells were injected into the flank when indicated. Sample sizes were chosen based on previous published literature with this nerve model. Briefly, all mice were anesthetized using isoflurane (1-3%), and their sciatic nerve was exposed. MiaPaCa-2 (150,000 cells), Panc02 (50,000 cells), or KPC (50,000 cells) were injected into the sciatic nerve under using a custom Hamilton syringe. All experiments contained a biological (or control) replicate arm. When indicated, an equivalent volume of sterile PBS was injected into the nerve as a control. No randomization method was utilized to assign treatment groups as all mice were of the same sex, age and genetic background. Mice were excluded only if no primary tumor could be found after cancer cell implantation, otherwise all subjects were included in the analysis. Sciatic nerve function was assessed using the nerve function score (28) . It was graded according to hind limb paw response to manual extension of the body, from 4 (normal) to 1 (total paw paralysis). At the indicated times after injection, mice were sacrificed and the sciatic nerves were dissected up to the spinal cord. Length of invasion was measured up from the proximal edge of the primary tumor up to the most distal portion of the thickened nerve using calipers. 
Statistical analysis
Statistical analysis was conducted using an unpaired, two-tailed Student's t-test and Mann Whitney test. The number of technical replicates for each experimental arm is indicated in the respective figure legends. Statistical significance was defined as P<0.05.
Results
Monocytes Selectively Accumulate in Nerves with PNI and Differentiate Into Macrophages
To investigate a potential role of IM in PNI, we measured monocyte trafficking utilizing a validated murine model of PNI (Fig. 1A left) (8, 28) . Although the sciatic nerve model does not allow for the slow neural remodeling seen in human PDA (29), it has the advantage of preserving the nerve microenvironment while providing reliable clinical and pathological endpoints for nerve invasion. Human pancreatic cancer cells, MiaPaCa2, were injected into the distal sciatic nerves of athymic nude mice. Murine monocytes were identified by fluorescence-activated cell sorting (FACS) from sciatic nerve specimens with and without PNI. Endogenous IM, defined by high expression of both Ly6C and CD11b, were detected at high frequency within invaded nerves ( Supplementary Fig. S1 ) but rarely present in normal nerves (Fig. 1A right, B) .
We then sorted GFP + IM from CCR2-GFP donors, and adoptively transferred these IM into recipient mice following sciatic nerve injection with MiaPaCa2 or PBS as a control.
Eighteen hours after adoptive transfer, GFP + cells were preferentially recruited to the site of PNI Collectively, these findings demonstrate a preferential recruitment of IM from the circulation to nerves with PNI where they are driven to differentiate into macrophages.
Loss of CCR2 Impairs IM Recruitment to the Nerve and Reduces PNI In Vivo
To study the mechanisms involved in IM homing to nerves with PNI, we performed cancer cell injections into the sciatic nerve of CCR2 KO mice using Panc02. Mice were followed clinically after injection using a validated sciatic nerve score to assess nerve function (4=full function, 1=complete paralysis) (8, 28) . At the time of sacrifice, the length of nerve invasion was also measured to determine the extent of PNI. CCR2 KO mice had significantly better nerve function ( To confirm the importance of CCR2 in IM recruitment to the nerve, we adoptively transferred equivalent numbers of CD45.2 CCR2 KO IM or CD45.2 WT IM into CD45.1 WT mice with nerve invasion (Fig. 2H left) . At 18 hours following transfer, there was a significant reduction in both the absolute and the relative number of CCR2 KO IM compared to WT IM in nerves with invasion, (Fig. 2H right) indicating that IM expression of CCR2 is integral to IM recruitment to the nerve. To examine the function of CCR2 + IM in PNI development, we performed a rescue experiment with three sequential transfers of WT IM into a cohort of CCR2 KO mice. WT IM transfer accelerated PNI development in CCR2 KO mice, and the degree of clinical and pathologic nerve invasion was comparable to that of WT mice ( Fig. 2I and Supplementary Fig. S4 ). Consistent with this phenotype, the quantity of macrophages detected in
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Loss of CCL2, not CCL7, Impairs PNI In Vivo
CCL2 plays a role in IM recruitment to distant metastatic sites (13) . To determine potential contributions of CCL2 to PNI, we assessed the nerve invasion model in CCL2 KO mice using Panc02. In comparison to WT mice, CCL2 KO mice had significantly better nerve function (Fig.   3A ) and reduced nerve invasion (Fig. 3B,C and Supplementary Fig. S5 ). This correlated with a significant reduction in both IM (Fig. 3D ,E) and macrophage quantities ( S3 ). To confirm that this effect was related to IM recruitment, we performed an adoptive transfer of GFP-labeled WT monocytes into CCL2 KO recipients following Panc02 injection (Fig. 3G ).
There was a significant reduction in GFP-labeled cells isolated from the nerve specimens from CCL2 KO mice on FACS analysis, even when normalized to the splenic population, suggesting that local nerve CCL2 production is directly involved in IM recruitment.
CCL7 is an alternate ligand for CCR2 that can influence IM recruitment (15, 30) . To assess its role, we again utilized our nerve invasion model in CCL7 KO mice. Unlike CCL2 KO mice, CCL7 KO mice developed paralysis and invasion comparable to WT mice (Fig. 3H-J) .
Consistently, nerve specimens from CCL7 KO mice demonstrated a slight and non-significant decrease in IM and macrophages ( CCL2 KO and CCL7 KO mice. CCL2 KO mice had significantly fewer IM isolated from the nerve as compared with CCL7 KO mice, underscoring the key role of CCL2, but not CCL7, in IM homing to invaded nerves (Fig. 4A) .
Schwann Cell Secretion of CCL2 Drives IM Recruitment to Sites of PNI
We investigated whether chemokines were produced locally in the invaded nerve by performing CCL2 and CCL7 enzyme-linked immunosorbent assays (ELISA) on nerve specimens from WT, CCL2 KO, and CCL7 KO mice following Panc02 injection. CCL2 was detected in both WT and CCL7 KO mice (Fig. 4B) . By contrast, CCL7 was undetectable in all cohorts potentially accounting for its lack of clinical relevance in our model. We also assayed for CCL3 in nerves with PNI given that it can be trigged by CCL2 release (31), however, it was undetectable by ELISA ( Supplementary Fig. S6 ). To identify the cellular source of CCL2, we performed cancer cell injections into the sciatic nerves of CCL2-GFP reporter mice (21) . GFP expression, reflecting CCL2 production, was detected only in regions of nerve invasion (Fig. 4C) . Because Schwann cells recruit IM in the setting of peripheral nerve injury (32), we hypothesized that Schwann cells may be the cellular source of CCL2. We performed immunofluorescence staining with anti-GFP and anti-GFAP, an activated Schwann cell marker (33), on nerve specimens from CCL2-GFP reporter mice following cancer cell injection. GFP expression by GFAP positive spindle shaped cells adjacent to areas of nerve invasion was detected, suggestive of Schwann cells (Fig. 4D) . Dissociated nerve specimens with and without cancer invasion were then sorted by FACS to isolate p75+ Schwann cells and Panc02 cells for RT-PCR to assess relative Ccl2 expression. The p75+ Schwann cells significantly upregulated Ccl2 in the presence of cancer invasion, although the Panc02 cells showed low expression of Ccl2 (Fig. 4E) 
therapeutic effect of blocking local CCL2 production on PNI, we treated mice with anti-CCL2 antibody or with a control antibody following Panc02 injection. Anti-CCL2 treatment significantly reduced nerve invasion (Fig. 4F) and showed a corresponding reduction in local nerve CCL2 levels and IM recruitment (Fig. 4G and Supplementary Fig. S7 ) without any observed systemic side effects.
Cathepsin B Produced by Recruited Macrophages Promotes PNI in Mice
IM differentiate into macrophages after being recruited to the nerves (Fig. 1F-H) . Macrophages are known to be able to enhance the ability of cancer to invade and metastasize through a variety of mechanisms (34) . To explore mechanisms through which macrophages may facilitate PNI, we performed a RT-PCR based screen from recruited macrophages isolated from the murine PNI specimens for a number of established macrophage-derived growth factors and proteases known to promote cancer growth and invasion (Supplementary Table 1 ). Macrophages isolated from non-tumor bearing sites served as comparisons to identify candidates potentially enriched in PNI pathogenesis. Among the candidates, there was abundant and differential expression of both cathepsin B and S but not other cathepsin proteases (Fig. 5A) . To determine if cysteine cathepsins were involved in promoting PNI, we performed a therapeutic trial using a pancathepsin inhibitor, JPM-OEt (19) . Treatment of mice with JPM-OEt significantly reduced nerve invasion in comparison to DMSO-treated controls (Fig. 5B,C) .
We then sought to identify the host-derived cathepsins involved in facilitating PNI. Based on the differential expression patterns observed in our initial RT-PCR screen, we hypothesized that cathepsin B (CTSB) and/or cathepsin S (CTSS) may be most relevant. We performed sciatic nerve injections of Panc02 cells into both CTSB KO and CTSS KO mice. CTSS KO mice did 
not show any significant reduction in clinical or pathological PNI (Fig. 5D,E) . However, CTSB KO mice exhibited significantly improved nerve function (Fig. 5F ) and reduced nerve invasion (Fig. 5G,H) and with similar tumor volumes ( Supplementary Fig. S8 ) as compared to control WT mice. To determine if macrophages were the predominant source of CTSB, we performed Ctsb RT-PCR on FACS sorted Panc02, IM and macrophages from invaded nerve specimens.
Macrophages demonstrated the highest level of Ctsb mRNA, suggesting that they were the predominant cellular source of CTSB (Fig. 5I ) in the PNI model. To confirm this finding and determine if CTSB was produced in the proximity of invaded nerves, we performed anticathepsin B and anti-F4/80 staining on invaded nerves, and detected co-staining within cells in regions of PNI (Fig. 5J ).
Cathepsin B can promote invasion by cancer through a number of mechanisms including degradation of extracellular matrix, cleavage of cellular adhesion molecules, and activation of pro-angiogenic signaling (35) . We performed a histological screening of proteins degraded by CTSB and also known to be important components of the perineurium: laminin (36, 37), fibronectin (38, 39), and collagen IV (40, 41) . No discernible differences in staining patterns were appreciated in PNI specimens from CTSB KO mice (vs. WT) for laminin or fibronectin (data not shown). However, collagen IV, an integral component of the protective perineurium (40) was notably disrupted in WT mice with PNI but not in CTSB KO specimens (Fig. 5K) . In such samples, CTSB-expressing macrophages were detected adjacent to regions of collagen IV irregularity in WT mice with PNI ( Supplementary Fig. S9 ).
Alteration of the Perineurium is Associated with Cathepsin B Expressing Macrophages in
Human Tumors
Research. Macrophages are present within or adjacent to the majority of nerves invaded by human PDA (Fig. 6A) as well as other solid tumor histologies with a predilection for PNI (Supplementary Figs. S10 and S11). We analyzed clinical outcomes in our PDA cohort (Supplementary Table 2) and observed a significantly higher proportion of PNI foci infiltrated by macrophages in patients who developed a local recurrence (Supplementary Fig. S12 ), a finding that supports prior work showing an adverse clinical impact of macrophage infiltration around nerves in PDA (5). To determine if macrophage-produced CTSB is relevant in promoting PNI by PDA in patients, we co-stained human PDA samples with anti-CD68 and anti-cathepsin B. In regions adjacent to areas of PNI, the majority of cathepsin B-positive cells also stained positive for anti-CD68, and the majority of CD68 positive cells also stained positive for cathepsin B (Fig. 6B,C) , suggesting that macrophage-derived CTSB may be relevant in PNI by PDA. To evaluate this, we analyzed clinical outcomes and observed significantly higher CTSB expression in regions of PNI from patients that developed a local recurrence (Supplementary Figs. S13) . We then performed anticollagen IV staining on human pancreatic specimens. Notably, the outer collagen IV layer was disrupted ( Fig. 6D ) and the intensity of anti-collagen IV staining was significantly diminished in nerves with PNI by PDA in comparison to nerves from benign pancreatic tissue (Fig. 6E) . In such regions of diminished staining, CTSB-expressing macrophages were also detected (Fig.   6F ).
Discussion
There is a growing appreciation that an aberrant response by the nerve microenvironment supports PNI. Here we identify a nerve-triggered innate immune response, which inadvertently promotes PNI by cancer (Fig. 7) . We demonstrate that CCL2, but not CCL7, released by Schwann cells is critical towards the recruitment of IM to the invaded nerve. Once recruited, the IM differentiate into macrophages, which enable PNI. Mechanistically, this is supported at least in part through CTSB production by macrophages, which may disrupt the collagen IV within the perineurium, impairing its function as a protective barrier around the nerve.
The concept that nerves support cancer progression (42) (15), we anticipated a contribution of CCL7 signaling on PNI. We observed non-significant reductions in IM from CCL7 KO nerve specimens, which were likely secondary to retention in the marrow given the parallel reductions we observed in the spleen. Furthermore, we did not detect any local CCL7 production from invaded nerves, a finding that is consistent with the lack of clinical relevance by CCL7 in our model. Interestingly, CCL7 does not appear to play a significant role in IM recruitment following trauma nerve injury either (43) , suggesting that IM recruitment in PNI may follow similar recruitment pathways as nerve injury. While the role of CCL7 warrants further investigation in different oncologic settings, this study suggests that the role of CCL7 in IM recruitment for PNI is largely overshadowed by CCL2.
CTSB is a protease with strong associations to cancer progression (35) but not previously linked to PNI. Peripheral and autonomic nerves are ensheathed in a number of protective concentric layers to shield them from injury (46) . By definition, PNI represents cancer entry into and along nerves, either breaching or tracking along the perineurium (3). The potential ability of CTSB released by macrophages to disrupt the integrity of the perineurium may represent one plausible explanation of how IM recruitment facilitates PNI. Following peripheral nerve injury, recruited macrophages represent the main effector cells in Wallerian degeneration, the process that results when a nerve fiber is injured, and are programmed to produce a number of proteases in order to clear the traumatic nerve debris to facilitate regrowth (47) . Therefore it is plausible to consider that the upregulation of CTSB we observed in recruited macrophages may be the result Currently there are no targeted therapies for PNI. This study suggests that therapeutic targeting of monocyte recruitment and macrophage function may represent strategies to prevent or treat PNI. Given the growing interest in myeloid cell involvement in cancer progression and other disease states, therapeutically targeting their recruitment through interruption of CCL2-CCR2 signaling has been an area of active drug discovery with a number of agents already available (50) (51) (52) . Importantly, CCR2 inhibition can be safely incorporated into current standard chemotherapy regimens for cancers such as PDA suggesting that this strategy can be tested clinically as a targeted therapy for PNI (53) . The identification of macrophages around invaded 
nerves in both prostate adenocarcinoma and adenoid cystic carcinoma specimens, in addition to PDA, suggests that a strategy of blocking CCL2-CCR2 signaling may be relevant to a spectrum of solid cancers that exhibit a proclivity for nerve invasion. Therapeutically targeting PNI can have a number of potential benefits including mitigating associated neuropathic pain, improving the feasibility of gross total resection in certain tumors, and/or reducing metastasis. Achieving these effects might collectively result in improved clinical outcomes.
This work advances our conceptual understanding of PNI pathogenesis by demonstrating that an aberrant systemic immune response contributes to what was thought to be a process largely driven by interactions between cancer and the cellular components of a peripheral nerve.
Although macrophage activity has been associated with cancer progression, we only more recently have begun to appreciate their role in PNI. Here we develop a model proposing macrophage origin, recruitment, and downstream function in PNI, and present a strategy to therapeutically target their activity. We identify Schwann cell mediated IM recruitment as an important mediator of PNI and implicate macrophage-derived CTSB in this process. Therapeutic strategies that inhibit IM recruitment by targeting CCL2 and CCR2, but not CCL7, as well as macrophage function and CTSB activity should be explored as novel therapies to inhibit PNI.
These findings suggest that conserved neural regeneration mechanisms are exploited by cancer to facilitate nerve invasion and demonstrate that the boundary for cell types involved in PNI extends beyond peripheral nerve borders.
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